Melting and fragmentation behaviors of Ni 429 cluster have been studied with moleculardynamics simulations using a size-dependent empirical model potential energy function. To monitor thermal behaviors of the cluster, we calculated some physical quantities such as average potential energy per atom, specific heat, radial atomic distribution, bond length distribution, average interatomic distance, nearest neighbor distance and average coordination number as a function of temperature. The roles of the surface and core atoms in the melting and fragmentation process of the cluster are also investigated by considering the surface and the bulk coordination numbers of the cluster.
Introduction
Clusters play an important role to understand the transition from the microscopic structure to the macroscopic structure of matter. Nickel clusters are interesting and have potential importance in the physics and chemistry of transition metals.
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Nickel clusters are of special interest because of their practical applications in ferromagnetism and their superparamagnetic behavior.
6,7
The phase transition of the clusters have been intensively studied both theoretically and experimentally. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Early theories of melting have focused on the role of the instabilities of the solid. 24 More recent theories have been emphasized the role of defects and external surfaces. 25, 26 From molecular-dynamics studies, there is considerable evidence that melting is initiated at external surfaces or along internal defects such as grain boundaries or dislocations. The further study of melting in the small clusters is relevant to a better understanding of the melting transition for the effect of the size of the cluster: as cluster size decreases, the fraction of the surface atoms increases and any role played by the surface in the melting transition will be given more importance. 27 All these studies show that (a) the melting temperature of the clusters is lower than the melting temperature of a perfect finite solid and (b) the surface melting temperature is expected to be lower than the overall melting temperature because of disorder appearing first at the surface of the cluster as a result of the fact that the average coordination number of the surface atoms is less than that of the bulk atoms for a cluster of certain size. 28 In this study, we monitored some physical quantities to determine the phase transition of the cluster and considered average, surface, and bulk coordination number separately to compare the surface and the overall melting and fragmentation temperatures of the cluster.
The Potential Energy Function and the Method of Calculations
In this work, we have used a size dependent empirical potential energy function (SDEPEF) developed for a finite system and parameterized and applied for nickel.
1,2 The total interaction energy (Φ) of an N particle system may be calculated from the sum of pair interactions and scaled by a size dependent function f (N ),
The pair potential energy function U (r) has the form,
The size dependent function f (N ) has the form,
The potential parameters used for nickel are: A = 8.28, r 0 = 2.2, n = 2.89247, α = 0.693147181, 3,4 and β 1 = 0.081, β 2 = 1.532. 1 In these parameters, energy is in eV and distance is inÅ.
Molecular-dynamics simulations were performed using the Nordsieck-Gear algorithm 29, 30 within the seventh order predictor-corrector method 31 with a time step 1.0 × 10 −15 s. We performed simulations at temperatures from 50 to 5100 K with steps of 50 K, the initial configuration is relaxed at 1 K. At each temperature raise, the system is relaxed for 50 000 MD steps to get the average of the physical quantities used to investigate thermal behaviors of the cluster.
In order to characterize the thermal behavior of the cluster as a function of increasing temperature, we monitored the following quantities, (a) The caloric curve which is a plot of the average potential energy per atom versus temperature. (b) The reduced specific heat defined as:
where denotes average over the entire trajectory, N is the number of the atoms in the cluster, E is the average potential energy per atom and k B is the Boltzmann constant. (c) The average interatomic distance given by:
where r ij is the distance between atoms i and j.
The average coordination number defined as:
where c i is the coordination number of atom i. In addition to these physical quantities, the radial atomic distribution and bond length distribution for some critic temperatures are also calculated to check whether the cluster exhibits solid-like or liquid-like behavior at a particular temperature. Figure 1 shows the variation of the average potential energy of the cluster as a function of temperature (caloric curve). The average potential energy increases monotonically with temperature in the range T ≤ 1150 K, but, it begins to jump at a temperature T s = 1150 K. T s can be defined as the surface melting temperature of the cluster. 28 The abrupt change in the average potential energy indicates that the cluster undergoes a phase change. The average potential energy rises up from 1150 K to 1650 K, this temperature range is the phase transition region in which the cluster transforms from a near-rigid, solid-like, structure to a nonrigid, liquid-like, structure but remains bound for thousands of vibrational periods. The absence of the sharp change in the slope of the energy, unlike in the bulk, is an indication of a finite-size effect, and appears because the clusters are able to contain both of the phases at the same temperature. 27 We took the midpoint of this significantly rising region in the energy with the temperature, T m = 1400 K, as the overall melting temperature of the cluster at which melting takes place. These critic temperature values are also checked using other physical quantities discussed below. Figure 2 shows the specific heat in units N k B for the cluster as a function of temperature. A common feature in this figure is the presence of more than one peak in the specific heat. It can be said that cluster melts in two stages at ≈ 500 K and ≈ 1400 K. The peak at ≈ 500 K can be explained by considering the terms of premelting phenomenon, surface melting and surface reconstruction. Premelting followed by bulk melting was reported 32, 33 to be characteristic of openshell nickel clusters (i.e., clusters with geometries where the outer shells are not fully decorated with atoms) such as Ni n , 14 ≤ n ≤ 18. The premelting behavior is strongly influenced by vacancies and anharmonicities which are distinctly larger in open shell clusters than in closed-shell clusters. The surface atoms which do not belong to the complete shell are, in generally, more weakly bound than the atoms in the cluster, and, therefore, the amplitudes of these atoms are significantly larger than those in closed-shell clusters. This gives rise to enhanced harmonicities and provides fluidity in the system at lower temperature, a fact that leads to premelting behavior in these clusters. The premelting is similar to the surface melting phenomenon observed in the bulk crystals and arises because of the difference in coordination numbers between the atoms on the surface and the atoms in the bulk. When we consider our cluster at this point, Ni 429 cluster has also the complete atomic shell geometries and does not have any more atom outside the core, like Ni 13 and Ni 19 clusters, while it shows premelting-like phenomenon, unlike Ni 13 and Ni 19 clusters. This discrepancy can be attributed to the cluster size effect. In the small sizes, surface to core atoms ratio is higher and phase transition is easily controlled by surface atoms whereas in the larger sizes, the role played by surface atoms is becoming less important. 35, 36 In the larger clusters, premelting is appearing due to surface reconstruction even though the cluster has the complete atomic shell and no extra atoms outside the core.
Results and Discussion
The plot of the average interatomic distance d av as a function of temperature (see Fig. 3 ) is another indicator of thermal transition of the cluster, d av is expected to increase with the increasing temperature and the abrupt increase in d av is a signal of structural changes in the cluster. 37, 38 It is reported 38 that at d av = 1.05 (d av is normalized to its value at the beginning of the transient), the onset fragmentation took place for clusters of all compositions studied. Premelting behavior and melting of the clusters are clearly deduced from the irregular shape at these temperature regions as seen in Fig. 3 .
The variation of nearest-neighbor distance d nn and average coordination number with the temperature is also calculated and plotted in Figs. 4 and 5 respectively. As the temperature increases, the variation of d nn is expected to increase regularly, any abrupt change of this variation can be considered as an indicator of the structural phase transition. The irregular changes take place at about 500 and 1400 K in Fig. 4 . The function of the mean coordination number to the melting and fragmentation process is discussed below.
Bond-length distribution as a function of interatomic distance is shown in Fig. 6 . The mean value of the distance between the pairs of atoms which are nearest neighbors in the initial configuration is calculated and monitored as increasing temperature. Bond-length distribution is used to determine structural properties of the cluster and based on the following physical fact. 39 In a solid rigid state, the atoms always execute small-amplitude oscillations around equilibrium positions which are distributed in such a way that the nearest atoms of any atom of the cluster can be easily defined and determined. However, in the liquid state, the nearest atoms of a given atom can no longer be defined and determined as in a solid state. In a liquid state, there is a bond-exchange process between the atoms so that any two atoms of the cluster can lie at either the nearest or the farthest distance. As shown in Fig. 6 , there is only a single peak around bond length between nearest-neighbor atoms at low temperatures which indicates that the cluster is in the solid state. Upon increasing the temperature because of the occurrence of the bond-exchange process between the atoms, the width of single peak at the beginning starts to increase and then a second peak appears in the distributions of the interatomic distance. Increasing of the peak width, decreasing of the peak height and appearing of a second peak are indicators of the structural transformation from solid-like cluster to liquid-like one. Figure 7 shows radial distribution function as a function of the cluster radius which is one of the geometric quantity, such as average interatomic distance, bondlength distribution and average coordination number that reflects the information about the structure of the cluster as used previously. 37, 40 For radial atomic distribution, two limiting cases are of interest: in a pure crystal, it consists of a series of peaks, located at the various interatomic separations. It is zero between the peaks. At the other extreme, if atomic centers are randomly distributed throughout the material, then, the average concentration does not depend on radius. The liquid, an intermediate phase of the two extremes pointed out above, displays short-range order but not long-order while the crystal shows both short and long-range order. When a cluster is generated from the crystalline structure, the atomic positions cannot be kept at their original places particularly the atoms at and near the surface region displace even at low temperature. Figure 7 (a) shows this situation clearly. Figure 7 shows that at low temperature, the cluster consists first and secondnearest-neighbor peaks and the satellite peaks coincide exactly with those in the crystal described above. On the other hand, at high temperature, the peaks are becoming shapeless at large radius while the peaks are remaining the form at short radius. These features are typical of the liquid phase.
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According to the recent studies, it is possible to predict the melting temperature of the cluster using average coordination number in the cluster. The criterion to predict the melting temperature is suggested as 42 :
where T m and T b are the overall melting temperatures of the cluster and the bulk material respectively, C m and C b are the mean coordination number of the atoms in the cluster and the bulk respectively (C b = 12 for f.c.c. metals, T b = 1728 K for Ni 43 ). To predict the surface melting temperature of the cluster, Eq. (7) is reformulated as the following,
where T s is the surface melting temperature of the cluster and C s is the mean surface atomic coordination number in the cluster. Equation (7) leads to a size dependence as 44, 45 :
where A is a positive constant which depends on temperature and pressure and N is the number of atoms in the cluster. This equation expresses the fact that the melting temperature of the cluster is low when cluster is small and approaches the bulk melting temperature as the number of atoms of the cluster increases.
To compare the roles of the surface atoms and core atoms of the cluster to the melting process, we calculated average, surface and bulk coordination numbers, separately, and used the above equations, Eqs. (7)- (9). The results of the present study are compared with literature values in Table 1 . From these results: (a) the overall melting temperature of the cluster is lower than that of the bulk material, (b) the surface melting temperature is lower than the overall melting temperature for the cluster, (c) the melting of the cluster depends on the cluster size. The lower surface melting temperature compared to the overall one for a cluster is attributed to the fact that the core atoms of the cluster have a higher coordination number than the surface atoms. As the cluster heats up, disorder first appears at the surface resulting in the surface melting. The size effect studies suggest 35, 36, 46, 47 that as the cluster size decreases, the fraction of the surface atoms increases and phase transition is dictated by the surface atoms. As the cluster size increases, the number of the surface atoms decreases and melting temperature of the cluster regularly increases up to the melting temperature of the bulk limit as shown in Table 1 . We extended the simulation to the cluster fragmentation. In the literature, as the indicator of the structural changes in fragmentation, caloric curve, average interatomic distance and radial distribution function are used. 37, 38, 48, 49 Alternatively, the activation and the other forms of energy relations are used to directly calculate the number of the atoms evaporating from the surface. 44, 45, 50, 51 An abrupt increase of average interatomic distance d av is considering as a signal of fragmentation, so, we monitor the fragmentation process by using d av . It is reported that the onset of fragmentation takes place at d av ≈ 1.05 where d av is normalized by its value at the beginning. 38 In the present study, a single atom is separated from the system (first separation) at T e = 2750 K, the second separation takes place at T = 3100 K, at these temperatures, d av is 1.042 and 1.045 respectively as shown in Fig. 3 . These separations may be considered as the evaporation of the system. The number of the evaporating atoms begins to increase above T = 3850 K where d av = 1.060 which indicates that the cluster undergoes fast structural changes. For comparison, in bulk Ni, the boiling point is T = 3005 K, 52 our results indicate that the evaporation of the cluster is observed at a lower temperature than in the bulk, as observed for melting temperature discussed above. It is reported for Ag 6 cluster that the melting temperature in the cluster is lower than in the bulk, but, evaporation is observed almost at the same temperature.
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In the liquid state, the coordination number of the atoms has no longer meaningful as it has in the solid state, but, the cluster in the liquid state still remains short-range order and bound for thousands of vibrational periods. In the light of these physical facts, to check the validity of Eq. (7) for fragmentation process, we modified Eq. (7) as replacing T m , T b and C m by T e , T boil and C e respectively as the following,
where T e is the temperature at which the first atom evaporates, T boil is the boiling point of the bulk materials (3005 K 52 ), C e is the mean coordination number of atoms in the liquid phase of the cluster (in the range of 2500 K ≤ T ≤ 3500 K, around the fragmentation taking place, C e is calculated as 10.96), and C b is the mean coordination number of the atoms in the bulk (12 for f.c.c. metals). This equation gives T e = 2745 K which is fairly in agreement with observed value 2750 K. By inserting these values to the modified form of the Eq. (9) 
Conclusions
We have investigated melting and fragmentation behaviors of Ni 429 cluster with molecular-dynamics simulations using a size-dependent empirical model potential energy function. Phase transition of the cluster is probed using some physical quantities. It has been found that, with increasing temperature, the cluster undergoes, firstly, solid-to-solid transition at about 500 K, then, solid-like to liquid-like transition at about 1400 K. Lastly, atoms begin to vaporize from the cluster at 2750 K. We may state the results of this work as the following: (a) the overall melting temperature of the cluster is lower than that of the bulk materials due to the fact that the mean coordination number of the atoms in the cluster is less than that of the bulk atoms, T m < T b , (b) the surface melting temperature of the cluster is lower than the overall melting temperature of the cluster for a certain size due to the fact that the mean coordination number of the surface atom is less than that of the core atom, T s < T m , (c) the fragmentation takes place at the lower temperature than the boiling point of the bulk material because of the lower coordination number of the atoms in the cluster, T e < T boil , and finally (e) two stages melting process takes place, which is clearly seen in the specific heat curve and in the other indicator discussed above, as a result of premelting phenomena which occurs in very different ways depending on the size. In the small sizes, the clusters which have only closed shells and do not have any more atom outside the core, do not show premelting phenomena whereas the clusters which have one or more atom(s) outside the core, show premelting phenomena. Premelting phenomena in the small sized clusters is based on the fact that the surface atoms outside the core are more weakly bound than the core atoms, therefore, the amplitudes of these atoms are significantly larger than those in closed-shell clusters. This gives rise to enhanced harmonicities and provides fluidity in the system at lower temperature. In the large sizes, the clusters, no matter they have only closed shells as our cluster have, are expected to show premelting phenomena because of the surface reconstruction. As the cluster size increases, the surface atoms to core atoms ratio decreases and this gives the fact that the role of the surface atoms to the phase transition becomes less important. The size effects in phase transition are discussed by comparing our results with previously studied data.
We have also performed simulation on the fragmentation behavior of the cluster. The first atom is ejected by the cluster at T = 2750 K, then, second and third are at 3100 K and 3550 K respectively. By starting at 3850 K with the increasing temperature, the larger atoms are being increasingly ejected for each 50 K temperature interval until the largest atoms, 37 atoms are ejected at 4850 K. The 429 atoms in the cluster is reduced to 155 at the temperature 5100 K. The criterion, Eq. (10), has been proposed that predicts the temperature at which the first atom evaporates in the nanoparticle.
